Abstract The inheritance of 31 amplicons from short and long primer RAPD was tested for segregating ratios in two families of the brown planthopper, Nilaparvata lugens, and they were found to be inherited in a simple Mendelian fashion. These markers could now be used in population genetics studies of N. lugens. Ten populations of N. lugens were collected from five locations in Malaysia. Each location had two sympatric populations. Cluster and principal coordinate analyses based on genetic distance along with AMOVA revealed that the rice-infesting populations (with high esterase activity) at five localities clustered together as a group, and Leersia-infesting populations (with low esterase activity) at the same localities formed another distinct cluster. Two amplicons from primers OPD03 (0.65 kb) and peh#6 (1.0 kb) could be considered diagnostic bands, which were fixed in the Leersia-infesting populations. These results represent evidence of a sibling species in the N. lugens complex.
Introduction
The brown planthopper, Nilaparvata lugens (Stål), has become a serious threat to rice production throughout tropical and subtropical Asia with the spread of highyield rice varieties and intensive culture practices since about 1970. The insect is a phloem-feeder and is restricted to cultivated and wild rice as host plants. It causes hopperburn and complete wilting and drying of rice plants, and it also transmits the grassy stunt and ragged stunt viral diseases (Ling 1977) . Plant resistance was used in the past to combat the pest, but it developed the ability to overcome this resistance (Khush 1979) . Another N. lugens population was found to infest a weed grass, Leersia hexandra, that grows abundantly in canals near irrigated rice fields in Southeast Asia (Sogawa et al. 1984) . The Leersia-infesting N. lugens population fails to survive on rice plants. Conversely, rice-infesting N. lugens does not thrive on Leersia.
PCR amplifications of genomic DNA with RAPD primers produce numerous fragments that can be exceedingly variable among individuals and have proven useful for parentage analysis (Hadrys et al. 1992; Scott and Williams 1993) . RAPD markers commonly reveal genetic polymorphisms and can provide molecular markers over a range of taxonomic scales, especially in species that were previously inaccessible to study at the molecular level. Wilkerson et al. (1993) have separated the two morphologically identical mosquitoes Anopheles gambiae and A. arabiensis by using the RAPD-PCR technique.
Informative banding patterns can be generated in the long primer RAPD (LP-RAPD) procedure. The primers used in LP-RAPD are 18-24 bases in length, and annealing at particular sites would be expected to be more stable than for shorter primers. This, in turn, should mean that extension and amplification should be less sensitive to minor changes in the reaction condition. Hence LP-RAPD should be more reproducible than the normal RAPD protocol (Gillings and Holley 1997) . LP-RAPD can detect genetic variation at both the intraspecific and interspecific levels. This sensitivity is confirmed by reports using other PCR methods that are probably variants of LP-RAPD. The banding patterns generated by these techniques can be used to produce similarity trees that agree with the phylogenetic and biological relationships established by other methods (Meyer and Mitchell 1995; Judd et al. 1993) . LP-RAPD is a sensitive and reproducible PCR method suitable for use in ecological, genetic, and population studies including the variation of strains in Cryptococcus neoformans (Meyer and Mitchell 1995) , Bradyrhizobium japonicum (Judd et al. 1993) , Xanthomonas and Pseudomonas (Louws et al. 1994) , and variation of isolates of Rhizobium meliloti and other soil bacteria (de Bruijn 1992) .
There is a controversy regarding the two sympatric populations of brown planthopper. Saxena and Barrion (1984) reported that the grass-infesting population is a primitive and nonvirulent biotype. Based on nymphal survival, virulence, ovipositional preference, mate choice, and hybridization experiments, Claridge et al. (1985a) suggested that the two populations represented two distinct sympatric biological or sibling species. The present studies were undertaken to determine whether the two populations represent the same or different species using molecular markers.
Materials and Methods

Sample Collection
Inheritance Study
The brown planthoppers were collected from the experimental farm of Universiti Putra Malaysia (UPM). Insects from the two sympatric populations of N. lugens, one from rice and the other from L. hexandra, a weed grass, were used as parents. Families of the brown planthopper were generated by single pair matings in a Mylar cage containing both host plants. The parents and F 1 progeny were collected and were frozen at -70°C for at least 30 min prior to use.
Population Study
The two sympatric populations of N. lugens were collected from five locations: UPM, Tanjung Karang (TK), Melaka (MK), Perak (PK), and Sabah (SB) ( Table 1 ). An outgroup, N. bakeri, was also collected from Cameron Highland (CH), Malaysia.
Esterase Activity Test
The insects used for both SP and LP-RAPD analysis were tested for esterase activity using a simple filter paper method reported by Pasteur and Georghiou (1980) . 
DNA Extraction
From Insect DNA was isolated by grinding a single frozen adult with a sterile glass rod in a 1.5 ml tube in 20 ll grinding buffer (0.1 M NaCl, 0.2 M sucrose, 0.1 M Tris-NaCl, pH 9.0, 0.05 M EDTA, and 0.5% SDS). The glass rod was washed with an additional 40 ll grinding buffer, and the homogenate was incubated at 65°C for 40 min. After that, 10 ll of 8 M potassium acetate was added and the tube was placed on ice for 40 min. The tube was spun at 14,000 rpm for 20 min. The supernatant was transferred to a fresh 1.5 ml tube. After 100 ll chilled (-20°C) 100% ethanol was added, the DNA was allowed to precipitate at room temperature for 10 min. The tube was spun for 20 min, and the ethanol was carefully removed with a pipette. The DNA pellet was washed with 100 ll chilled 70% ethanol and spun for 10 min. The DNA pellet was dried by first pouring off the ethanol and keeping the tube for 10 min at room temperature. The dried DNA pellet was suspended in 50 ll TE (Tris-EDTA, pH 8.0) and gently mixed for a few minutes.
From Host Plant
To avoid contamination, DNA was extracted from the two host plants, on which sympatric populations of N. lugens survived, following the same protocols described for DNA extraction from the insect.
DNA Purity and Quantity
The insect and host plant DNA concentrations were measured using an LKB-Ultrastep III UV/visible spectrophotometer at 260 and 280 nm (Sambrook et al. 1989 ).
Short Primer RAPD (SP-RAPD)-PCR Protocols
SP-RAPD-PCR
RAPD-PCR reactions were carried out in 25 ll volume. Each reaction mixture (25 ll) contained 10 mM Tris-HCl; 50 mM KCl; 0.1% Triton X-100; 2 mM MgCl 2 ; 0.2 M each dATP, dGTP, dCTP, and dTTP; 5 pmol of a single primer; 80 ng of template genomic DNA solution; and 3 U Taq DNA polymerase (Promega), and was vortexed briefly to mix and centrifuged for about 5 s. Amplification reactions were carried out in a programmable thermal cycler (GeneAmp, PCR system 2400, Perkin Elmer) as follows: Predenaturation at 94°C for 2 min; followed by 40 cycles of denaturation at 92°C for 30 s, annealing temperature at 37°C for 30 s, and primer extension at 72°C for 1 min. After the last cycle, final extension was at 72°C for 5 min. The amplified PCR products were separated by loading 20 ll of the reaction mixture onto 1.5% agarose gels with 19 TBE (Tris-Borate-EDTA) buffer and running at 70 V for 3 h. A 100 base pair ladder (Promega) was used as the marker. Gels were stained with ethidium bromide (10 lg/ll), and the bands were visualized and photographed on a UV transilluminator.
Screening of Short RAPD Primers
A total of 60 primers from kit A, kit B, and kit D (Operon Technologies) was screened to find diagnostic markers. Four primers were used in this study because one primer, OPD3: 5 0 -GTCGCCGTCA-3 0 , was diagnostic (Fig. 1) ; the other three yielded the strongest bands and showed the most polymorphism (Table 2) .
LP-RAPD-PCR Protocols
LP-RAPD-PCR
LP-RAPD-PCR reactions were carried out in 25 ll volume under the protocols described by Gillings and Holley (1997) .
Screening of LP-RAPD Primers
Of the 10 primers screened to find diagnostic markers (Gillings and Holley 1997) , four primers were used in this study ( Table 2) . The primer pehA#6, 5 0 AT-CGCACTTGATGCGCAGGCCGTT, was diagnostic ( Fig. 2) , and the other three yielded the strongest bands and showed the most polymorphism.
Statistical Analysis of SP and LP-RAPD Marker Data
Band Scoring SP and LP-RAPD band profiles were scored visually for each DNA sample for each primer. Data were recorded as present (1) 
Inheritance Study
The Mendelian inheritance studies of SP and LP-RAPD markers were examined by analysis of the banding patterns of two families. A chi-square (v 2 ) test was performed using a probability level of 0.05 (Fisher and Yates cited in Spiegel 1988) .
Cluster Analysis
The similarity index between two samples from within or between populations was calculated (Nei and Li 1979) . The between-population similarity indices were also converted to distance values using the relationship D = 1 -S (Swofford and Olsen 1990; Kambhampati et al. 1992 ). These distance matrices were used as the input matrix for the UPGMA tree (Sneath and Sokal 1973) to find population relationships graphically using NTSYS-PC software (Rohlf 1993 ).
Test of Robustness
The test of robustness or bootstrapping was performed using the Phylogeny Inference Package (Felsenstein 1993) . Based on the 100 bootstrapped replicates, as used by Ritchie et al. (1997) for RAPD data analysis, a consensus tree was produced.
Principal Coordinate Analysis
A principal coordinate analysis was performed based on the distance matrix among the populations using the NTSYS-PC software. The relationship among the populations was expressed in a three-dimensional graph based on the first three coordinates.
AMOVA
The distance matrix was used in an AMOVA (Excoffier et al. 1992) . In this analysis the sources of variation were divided into three nested levels: among the host types, among the populations within host types, and among individuals within populations. MSD (mean square deviation) was calculated.
Results
To avoid possible contamination by host DNA, the common bands for insects and their host plants were excluded from the inheritance and population studies.
Inheritance of SP and LP-RAPD Molecular Markers in N. lugens
SP-RAPD
A total of four primers showed repeatable and polymorphic bands in both families. The number of loci and the molecular weight of each locus for the four primers are Table 2 . Eighteen and seventeen loci were amplified with four primers (Table 3) in family A and family B, respectively. With respect to families A and B, 35 short primer RAPD markers were typed in the inheritance study, 12 of the markers were not tested using Chi-square because no segregation was observed. The other 23 markers were able to be checked for segregating ratios in the two N. lugens families and were found to be inherited in simple Mendelian fashion according to chi-square test. One nonparental band was observed in an offspring generated by primer OPD03 at the OPD03-4 band in family B. In one case an unexpected dominant phenotype was observed when none was expected.
LP-RAPD
A total of four primers showed repeatable and polymorphic bands in families A and B. The number of loci and the molecular weight of each locus for four primers are shown in Table 2 . Eleven and eight loci were amplified with four primers in families A and B, respectively (Table 4) . A total of 19 long primer RAPD markers were typed in the inheritance study; 11 of the markers were not tested because no segregation was observed in both families. The remaining eight markers were able to be checked for segregating ratios in the two N. lugens families and were found to be inherited in simple Mendelian fashion according to chi-square analysis. It should be noted that for the 17 loci from short primer RAPD and 11 loci from LP-RAPD that did not show segregation in the F 1 , the progeny showed the phenotypes expected of them based on their parental phenotypes, except for a few rare cases. These were also used as genetic markers.
Studies of Population Genetics
In the simple filter paper test, 100% of BPH from rice showed high esterase activity and 100% of BPH from Leersia showed low esterase activity. All the data on SP and LP-RAPD were obtained and analyzed only from rice-and Leersia-infesting individuals of N. lugens with known high and low esterase activity.
Cluster Analysis
Data from a total of eight RAPD primers were combined for cluster analysis. Pairwise genetic distances were computed between all individuals in this analysis. The distances varied from 0.11099 to 0.20340 (average 0.16650) for comparisons between individuals within populations of rice-infesting N. lugens, from 0.11170 to 0.17330 (average 0.14913) for individuals within populations of Leersia-infesting N. lugens. The genetic distances also varied between two sympatric populations of N. lugens, one from rice and the other from L. hexandra, and ranged from 0.19347 to 0.26750. The distance between rice-infesting populations of N. lugens and Leersia-infesting populations of N. bakeri ranged from 0.24640 to 0.38010; that between the Leersia-infesting populations of N. lugens and Leersia-infesting populations of N. bakeri ranged from 0.33542 to 0.37570 (Table 5) . Recessive (-) (7) 8 (7) 1:1 0.29 0.593 (7) 3 (7) 1:1 4.57 0.033 (7) 8 (7) 1:1 0.29 0.593 (7) 11 (7) 1 Cluster analysis according to the UPGMA method demonstrated the genetic relationships among the 11 populations studied. UPGMA analysis resolved the individuals into three main clusters. One was the most isolated cluster, while the other two were closely grouped clusters. The UPM1, TK1, MK1, PK1, and SB1 populations (all rice-infesting populations) were clustered into one group, and the Leersia-infesting populations (UPM2, TK2, MK2, PK2, and SB2) were clustered into another group. Both groups shared a common branch. The outgroup population, CH (N. bakeri), was distant from the N. lugens populations. The UPGMA tree was resampled by bootstrapping; the resultant bootstrap values are shown at the tree branch points. The consensus tree showed 100% confidence levels between riceand Leersia-infesting populations (Fig. 3) . The confidence level between N. lugens and N. bakeri was also 100%.
Principal Coordinate Analysis
The first three coordinates accounted for 74.22% of total variation. The three dimensions of principal coordinate analysis were effective for separating all the rice-infesting populations, as a distinct and compact group, from Leersia-infesting populations of N. lugens. The relationship among the 11 populations was similar to the result of the cluster analysis.
AMOVA
In this analysis, a three-level nested structure for each primer is shown in Table 6 . In SP-RAPD, primer OPA3 detected the highest variance among groups (rice versus Leersia) (25.69%), followed by OPD3 (21.51%), OPA4 (10.10%), and OPB10 UPM 1 TK1  MK1  PK1  SB1  UPM2 TK2  MK2 PK2  SB2 Table 1 (3.39%). In LP-RAPD, primer pehA#6 detected the highest variance among groups (rice versus Leersia) (19.34%), followed by pehA#3 (13.24%), BOXAIR (0.68%), and pUC/M13F (-3.82%). The negative estimate for the variance component indicated a lack of substructuring between rice and Leersia detected by primer pUC/ M13F. The percentage of the variance component among groups (rice versus Leersia) was larger than the percentage of the variance component among the populations detected by the four primers OPA3, OPA4, OPD3, and pehA#6. There was genetic differentiation between the brown planthopper of rice and Leersia, confirming the results shown on the dendrogram.
progeny. All of the RAPD markers were inherited in dominant Mendelian manner. It is not possible to distinguish homozygosity from heterozygosity at a locus from the presence of a RAPD band (Carlson et al. 1991 ) and determination of heterozygosity would only be possible using backcrosses. Nonparental bands were also observed in the current study very rarely. A drawback of some RAPD markers has been the observed lack of heritability of amplified products and presence of nonparental RAPD bands in the offspring (Riedy et al. 1992; Stott et al. 1997 ).
The dendrogram from cluster analysis and the results of principal coordinate analysis from SP and LP-RAPD data revealed the genetic relationships among insects of different populations with high and low esterase activity. The riceinfesting populations of N. lugens clustered together as a group. On the other hand, Leersia-infesting populations of the same localities formed another distinct cluster. There seems to be a dividing line between the rice-infesting populations with high esterase activity and Leersia-infesting populations with low esterase activity with respect to the genetic structure of the brown planthopper, N. lugens. This high esterase activity was shown to be correlated to organophosphate resistance in brown planthoppers of rice (Chen and Sun 1994; Hemingway et al. 1999) . Among other species where organophosphate resistance is associated with increased esterase enzyme activity are sibling species A, B, and C of Anopheles culicifacies (Raghavendra et al. 1998 ) and the aphid Schizaphis graminum (Rider et al. 1998) . Esterase-associated resistance may be due to the production of a more efficient enzyme (Beeman and Schmidt 1982) , or to a gene duplication of an existing enzyme coding gene such as E4 (esterase-4) in Myzus persicae (Field and Devonshire 1992) , or to the evolution of an existing enzyme-coding gene to produce a variant of that enzyme, i.e. the duplicated FE4 variant or E4 in M. persicae (Devonshire 1989; Devonshire and Field 1991; Field and Devonshire 1992; Field et al. 1993) . So, the rice-infesting population of brown planthopper could have evolved in response to the heavy application of insecticides in rice fields, while the Leersia-infesting population is considered a primitive type because no insecticides have been applied to it.
Considering the distance values, all rice-and Leersia-infesting populations showed little variation in high and low esterase activity level. The existence of diagnostic markers and the genetic distance between rice-and Leersia-infesting populations of N. lugens from SP and LP-RAPD-PCR analyses suggested that insects with high esterase activity (usually caught in rice) were genetically different from insects with low esterase activity (usually caught in Leersia) and both insects were closely related distinct species. Similar RAPD analyses were done to differentiate cryptic species in mosquito (Wilkerson et al. 1993) , sibling species of terrestrial Enchytraeus (Schirmacher et al. 1998) , and species of Myzus (Margaritopoulos et al. 1998) . Most decisions about species status cannot be accompanied by information about whether the animals in question can be cultured and crossed. In future, many diagnoses of sibling species will have to be based exclusively on distance values, when the populations being compared form distinct clusters. In such analyses it should be kept in mind that species may be noncrossable even when their distance values are extremely low, of the order of 0.2 (Schirmacher et al. 1998) .
The results of bootstrapping showed a 100% confidence level for the separate clusterings between the rice-and Leersia-infesting populations of N. lugens and also for the genetically isolated group, N. bakeri. In AMOVA, percentage of variance component among groups (rice versus Leersia) was larger than the percentage of variance component among populations for bands detected by four markers. These results implied and confirmed that there was genetic differentiation between the brown planthopper of rice versus Leersia. AMOVA was performed and confirmed the differentiation into two groups of Aphid gossypii (VanlerbergheMasutti and Chavigny 1998), five groups of Acorus gramineus (Liao and Hisao 1998), among the natural populations of outcrossing willow-leaved foxglove (Digitalis obscura) (Nebauer et al. 1999) . Saxena and Barrion (1985) reported that karyoytpe, idiogram, nuclear organelles, and chromosomes with nucleolus organizing region showed clear differences between rice-and Leersia-infesting populations. Species differentiation in early stages of species formation may not be associated with substantial genetic change (Lewontin 1974; Bush 1975) . Many ecologists have accepted that the evolutionary processes are common in animals with specialized food habits (Price 1980; Southwood 1978) . But in this investigation, different population structures in N. lugens might have developed through insecticide exposures that were heavier in rice populations than in grass populations, as Field et al. (1993) mentioned in M. persicae.
However, our results in DNA fingerprinting were consistent with the results of Claridge et al. (1985a, b) based on their nymphal survival, virulence, ovipositional preference, mate choice, hybridization, and courtship signal studies. Later, Saxena and Barrion (1989) reported that the morphological characters of stridulatory organs and acoustic signals differed in the two sympatric populations of N. lugens. The existence of diagnostic markers, genetic distance, cluster, principal coordinate, AMOVA, and test of robustness analyses from SP and LP-RAPD-PCR data suggested that brown planthopper with high esterase activity captured from rice and brown planthopper with low esterase activity captured from L. hexandra were closely related sibling species. This information has practical implications for formulating effective control measures against N. lugens, which is a major pest of rice not only in Malaysia but also throughout Southeast Asia, South Asia, and Australia.
